Mass absorption coefficient spectra were measured between λ = 500 nm and 840 nm for nine forms of highly-absorbing carbonaceous aerosol: five samples generated from gas-, liquid-and solid-fueled flames; spark-discharge fullerene soot; graphene and reduced graphene oxide (rGO) crumpled nanosheets; and fullerene (C 60 ) assemblies. Aerosol absorption spectra were measured for size-and mass-selected particles and found to be dependent on fuel type and formative conditions. Flame-generated particles had morphologies consistent with freshly emitted black carbon (BC) with mass absorption coefficients (MAC) ranging between 3.8 m 2 g -1 and 8.6 m 2 g -1 at λ = 550 nm. Absorption Ångström exponents (AAE) -i.e. MAC spectral dependence -ranged between 1.0 and 1.3 for flame-generated particles and up to 7.5 for C 60 . The dependence of MAC and AAE on mobility diameter and particle morphology was also investigated. Lastly, the current data were compared to all previously published MAC measurements of highly-absorbing carbonaceous aerosol. Mass absorption coefficient spectra were measured between λ = 500 nm and 840 nm for nine 13 forms of highly-absorbing carbonaceous aerosol: five samples generated from gas-, liquid-and 14 solid-fueled flames; spark-discharge fullerene soot; graphene and reduced graphene oxide (rGO) 15 crumpled nanosheets; and fullerene (C 60 ) assemblies. Aerosol absorption spectra were measured 16 for size-and mass-selected particles and found to be dependent on fuel type and formative 17 conditions. Flame-generated particles had morphologies consistent with freshly emitted black 18 carbon (BC) with mass absorption coefficients (MAC) ranging between 3.8 m 2 g -1 and 8.6 m 2 g -1
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data were compared to all previously published MAC measurements of highly-absorbing 23 carbonaceous aerosol. 24
Introduction 25
Highly-absorbing carbonaceous aerosol forms during the incomplete combustion of carbon-26 containing fuels. Due to the diversity of matter in the atmosphere, black carbon aerosol (BC) has 27 been delineated from other suspended carbonaceous nanomaterials and narrowly defined by its BC is spectroscopically defined as a material with a mass-specific (mass-normalized) 39 absorption cross-section of 7.5 ± 1.2 m 2 g -1 at λ = 550 nm, the solar transmission maximum [1] . 40 represents the mass-specific absorption cross-section. Otherwise, MAC represents the mass 47 absorption coefficient; in some studies, the mass absorption efficiency (MAE) is also used [12-48 15] . In comparison to solution-phase spectroscopy, the mass-specific absorption cross-section 49 and the mass absorption coefficient approximate the linear and non-linear regimes in absorption 50 as a function of absorber number density (e.g. dilute and high concentration limits), respectively. 51
For the remainder of this manuscript, MAC is used to refer to the mass absorption coefficient as 52
the measured values of highly-absorbing carbonaceous particles may be size (mass) dependent 53 (see Figure 5a and corresponding discussion). The wavelength dependence of MAC can be 54 described by the absorption Ångström exponent (AAE) 55 Quantitative assessment of an aerosol's radiative forcing requires its spectroscopic properties to 67 M A N U S C R I P T
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4 be well-known with minimal uncertainty across the ultraviolet to near-IR. The most 68 comprehensive assessments of highly-absorbing carbonaceous aerosols were reviews by Bond 69 and Bergstrom (2006) [1] and Bond, et al. (2013) [18] which focused on determination of BC 70 MAC using data from peer-reviewed publications. The previously published data were corrected 71 to account for presumed measurement biases and normalized to λ = 550 nm assuming an AAE of 72 1 (λ -1 ); i.e. particles in the Rayleigh regime with a wavelength independent complex refractive 73 index (m = n + ik) over the desired wavelength interval [10, 11] . The studies used by Bond and 74 Bergstrom (2006) [1] reported a BC MAC ranging from 1.6 m 2 g -1 to 15.9 m 2 g -1 with an average 75 of 7.5 ± 1.2 m 2 g -1 (1σ) at λ = 550 nm. Notably, none of the studies used in the assessments 76 directly measured MAC due to a lack, at the time, of reliable methods to measure aerosol mass 77 in-situ. In addition to the determination of radiative forcing from BC, measured in-situ spectral 78
properties, such as aerosol absorption and AAE, have also been used for aerosol identification 79 and source apportionment [20, 21] . 80
The most direct method of obtaining MAC is to measure all experimental parameters: e.g. 81 ensemble absorption coefficients and average particle mass and number density, ensemble 82 absorption coefficients and mass concentration or single-particle absorption cross-section and 83 mass. Aerosol metrology, such as mass selectivity and in-situ spectroscopies, has improved 84 significantly since the 2006 BC MAC assessment enabling re-assessment. Newly developed 85 techniques have highlighted the need for inter-comparability of laboratory methods and the 86 development of aerosolizable materials for standards [22, 23] . This investigation explores 87 particle absorption for size-and mass-selected highly-absorbing carbonaceous aerosol. The goal 88 is to establish the range of mass-normalized aerosol absorption for this important class of 89 atmospherically relevant materials under controlled conditions and compare these data to otherM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 studies. MAC of nine types of highly-absorbing carbonaceous aerosol was determined from 91 measurements of α abs, m p and N using a photoacoustic spectrometer coupled to a broad-92 bandwidth (λ = 500 nm to 840 nm) light source, an aerosol particle mass analyzer and a 93 condensation particle counter, respectively. Particles were generated from multiple sources to 94 understand how aerosol formation conditions and material properties impact absorption. These 95 data were compared to over four decades of published absorption data to aid in bounding the 96 range of MAC measurements for this family of carbonaceous particles. 97
Materials and methods 98
A general experimental schematic is shown in Figure 2 . Aerosol generation was specific for 99 each sample and is described below. Aerosol was dried and mobility-and mass-classified using a 100 differential mobility analyzer (DMA) and an aerosol particle mass analyzer (APM), respectively, 101 prior to measurements of absorption coefficients and number concentration using a 102 photoacoustic spectrometer (PA) and condensation particle counter (CPC), respectively. 103 104 105 Figure 2 . Experimental schematic for absorption measurements. Drying was used for flame-and 106 atomizer-generated particles. A differential mobility analyzer (DMA) and aerosol particle mass 107 analyzer (APM) were used for particle mobility-and mass-classification, respectively. 108 Absorption spectra were measured using a broadband photoacoustic spectrometer (PA). Particle 109 number concentration was measured using a condensation particle counter (CPC Particles from paraffin wax were generated from candles poured in-house using wax obtained 144 from King of Heaven candles (Rok Ind. Ltd., Nairobi, Kenya) and a 3.175 mm diameter braided 145 cotton wick (Pepperell Braiding Company #1115-S). Wicks were maintained at ≈ 1.25 cm during 146 combustion and particles were sampled similarly to the liquid-fuel simple wick lamps. 147
Aerosol conditioning and classification 148
Water was removed prior to particle size-and mass-classification by passing the aerosol 149 stream through a large-diameter Nafion drying tube (Perma Pure, LLC #MD-700-48F-1) with a 150 20:1 parallel flow of dry air (< 5 % relative humidity) and a pair of silica gel diffusion dryers 151 (TSI #3062) prior to size (electrical mobility) selection by a DMA (TSI Long DMA #3081). The 152 relative humidity inside the DMA was monitored to ensure it was stable (< 10 % relative 153 humidity ) for the duration of an experiment to avoid interferences from both gas and liquid 154
water [16, 30, 31] . Sheath:aerosol flow in the DMA was maintained at 10:1 by the recirculating 155 pumps in the electrostatic classifier (TSI #3082). After size selection, particles were passed 156 through an APM (Kanomax #3602), a PA and a CPC (TSI #3775) in series. To ensure only 157 particles bearing q = +1 were measured by the PA [32], we followed recommendations put forth 158 in [33] for tandem DMA/APM measurements.
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8 For C 60 (generated in Ar), the DMA was operated in a single-pass mode. Dry, HEPA-filtered 160 air was supplied from a compressed air line and removed via vacuum pump with the 161 sheath:aerosol volumetric flow maintained at 10:1 using a pair of mass flow controllers (MKS 162 #1179C). The resulting sample airstream exiting the DMA contained ≈ 10 % Ar. 163
Photoacoustic spectroscopy 164
MAC spectra spanning λ = 500 nm to 840 nm were measured using a PA equipped with a 165 supercontinuum laser and tunable wavelength and bandpass filter, as in Radney and Zangmeister 166 where D m is the particle mobility diameter. Prior to measurement of C 60 aerosol, the frequency 175 response of the acoustic resonator was measured to determine the resonant frequency, resonance 176 half width and quality factor to account for changes in the speed of sound due to the higher Ar 177 concentration; see Gillis, et al. (2010) [35] . 178
Particle imaging 179
For TEM imaging, particles were collected on lacey carbon grids using an electrostatic 180 precipitator at 0.5 L min was determined from TEM images of each material and was fuel type dependent, see Table 1 . 202
Water-soluble carbon black particles were generated from combustion of carbonaceous fuels 203 followed by rapid surface oxidization. The resulting particles consisted of well-defined 204 aggregated monomers arranged into a nearly-spherical morphology with ρ eff = 0.77 g cm Mass absorption spectra were measured between λ = 500 nm and 840 nm (see Figure 3) using 232 a photoacoustic spectrometer and a broadband supercontinuum laser source [16] . Particles 233 atomized from aqueous solution had a factor of ≈ 5 lower uncertainty than particles generated 234 from flames. All spectra possessed a minimum of 8 data points allowing for AAE to be fit using 235
Eq. 2. The MAC at λ = 550 nm ranged between 0.9 m 2 g -1 and 8.6 m 2 g -1 (see Table 1 ). The 236 measured MAC of carbon black, rGO and graphene were within 2σ of particles generated from 237 lamp and wick sources at λ = 550 nm, however their measured AAE's were not. C 60 had a MAC 238 and AAE of 0.9 ± 0.5 m 2 g -1 and 7.5 ± 0.9, respectively, that exhibited a statistically significant 239 difference from all other materials. 240
The MAC of flame-generated particles (ethylene, kerosene, diesel, and paraffin) ranged 241 between 3.8 m 2 g -1 and 8.6 m 2 g -1 ; the MAC of particles generated from ethylene were statistically 242 different than the measured MAC of other flame-generated particles. The AAE of particles 243 generated from diesel fueled simple wick lamps were also statistically different from the other 244 flame-generated particles (p < 0.05). 245
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It has been noted that the MAC of particles produced from high-temperature flames, such as 246 ethylene, are highly variable due to the quenching of particle oxidation by a rapidly flowing, cool 247 gas at the flame terminus [3, 16, 40]. Small changes in particle formation conditions can greatly 248 impact particle concentrations and spectral properties [3] . The MAC for ethylene presented in 249 this study are comparable to previous reports in this laboratory using fuel flow conditions where 250 particle concentration and α abs were maximized and intra-and inter-day variability and 251 uncertainty in MAC were minimized [3, 37] . The results also show AAE increasing from 1.0 to 1.2 for D mon between 1 nm and 100 nm. For 283 D mon ≥ 100 nm, the spectral dependence may not be adequately captured by an AAE (Eq. 2). 284
The effect of tertiary structure (i.e. morphology) on MAC for a collection of monomers is 285 also significant. However, calculating MAC with elaborate particle geometries is a computational 286 challenge best addressed using complex optical routines such as the discrete dipoles 287 approximation and the superposition T-matrix method as described in studies by Mishchenko 288 and Mackowski, among others [45] [46] [47] [48] [49] . The AAE of the all data shown in Figure 6 was calculated using Eq. 2 as 1.01 ± 0.15 (1σ), 373 within uncertainty of 1.0 suggested in Bond and Bergstrom (2006) and in support of the λ -1 374 dependence [1, 3, 10, 11, 18] . The MAC of the population using all the published data at λ = 550 375 nm is 8.28 ± 0.34 m 2 g -1 , 10 percent higher than the previous assessment of BC MAC, with 376 uncertainty reduced by a factor of 4, see Table 2 . 377 
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Some of the published MAC data was more than 5σ from the mean, greatly increasing the 382 uncertainty in both AAE and MAC, and are likely not physical (e.g. MAC = 50 m 2 g -1 at λ = 370 383 nm) based on MAC calculated from refractive indices and D mon using Mie theory. The published 384 data shows a dependence on the method utilized for analysis, see Table 2 . For example, using 385 only PAS data yields MAC = 8.03 ± 0.31 m 2 g -1 and AAE = 0.84 ± 0.13, whereas using data from 386 filter-based studies results in MAC = 9.67 ± 1.50 m 2 g -1 and AAE = 1.83 ± 0.56. Curation of all 387 the data via elimination of data outside of the average MAC + 5σ (9 points removed) results in a 388 50 percent reduction in the reported uncertainty for the MAC, with MAC = 7.52 ± 0.18 m 2 g -1 and 389 AAE = 0.85 ± 0.09, within 1σ of MAC but with a lower AAE than reported in the BC assessments 390 [1, 18] . 391
Conclusions 392
The presented data highlight MAC variability of highly-absorbing carbonaceous aerosol. BC 393 has been previously defined as a material with a well-defined refractive index and MAC that can 394 be assigned defined values (e.g. BC refractive index = 1.95 + 0.79i, MAC = 7.5 ± 1.2 m 2 g -1 ) [1] , 395 similar to other well-defined nanomaterials such as SiO 2 or polystyrene spheres that have been 396 used for standards. If a single MAC value exists for BC and other similar materials, it would be 397 expected that its reported range would be narrow; see data at λ = 532 nm and 660 nm in Figure 6 
